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ABSTRACT 
Bacterial spot, caused by Xanthomonas cucurbitae, is an important disease on pumpkin and squash 
in the United States. To assess the occurrence of bacterial spot in pumpkin and winter squash fields 
in the North Central Region (NCR), field surveys were conducted within three weeks of harvest 
in 2012 and 2013. During the surveys, 82 pumpkin and 51 squash fields in 2012, and 98 pumpkin 
and 28 squash fields in 2013 were visited in nine states. Symptomatic fruit were observed in 70 of 
82 pumpkin and 47 of 51 squash fields in 2012, and 89 of 98 pumpkin and 24 of 28 squash fields 
in 2013.  The average incidence of fruit with bacterial spot in all pumpkin and squash fields 
surveyed was 27.20 and 18.70% in 2012, and 22.72 and 18.21% in 2013, respectively.  The highest 
incidence of fruit with bacterial spot was 96.67 and 93.33% in pumpkin fields in 2012 and 2013, 
respectively. Infected fruit had developed lesions, measuring 1-3 mm in diameter. Lesions 
measuring up to 10 mm in diameter were observed on some pumpkin and squash cultivars. X. 
cucurbitae was isolated from symptomatic fruit and identified based on the colony morphology, 
polymerase chain reaction (PCR) test using RST2/RST3 primers, and pathogenicity test on 
pumpkin ‘Howden’ in a greenhouse. Both multilocus sequence typing (MLST) and restriction 
associated DNA sequence analysis (RADseq) were used to study genetic variation among X. 
cucurbitae isolates. Twenty X. cucurbitae isolates from Illinois, Indiana, Kansas, Ohio, and 
Wisconsin were subjected to MLST analysis with three housekeeping genes (fusA, gltA, and gyrB) 
sequenced for each isolate. Results of MLST analysis showed no genetic variation among 20 X. 
cucurbitae isolates. A phylogenetic tree was generated for various Xanthomonas species using 
concatenated sequences, which shows a closer phylogenetic relationship between X. cucurbitae 
and X. campestris. In RADseq analysis, a total
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 of 156,985 single nucleotide polymorphisms (SNPs) were detected across 81 X. cucurbitae 
isolates, a X. cucurbitae strain from American Type Culture Collection, and an Escherichia coli 
strain. Seven clusters were distinguished based on genetic distance matrix (Clusters I, II, III, IV, 
V, VI, and VII), among which Illinois isolates exhibited more genetic diversity. To study non-X. 
cucurbitae bacteria associated with bacterial spot on pumpkin and squash fruit, a total of 925 and 
425 non-X. cucurbitae isolates were collected from symptomatic fruit in 2012 and 2013, 
respectively.  To identify non-X. cucurbitae bacteria at the genus level, 208 isolates from 2012 and 
104 isolates from 2013 were randomly selected and restriction fragment length polymorphism 
(RFLP) was used. Based on the RFLP results, the selected isolates were first separated into groups 
and then 10 genera were identified, which included Arthrobacter, Enterobacter, Enterococcus, 
Erwinia, Exiguobacterium, Microbacterium, Pantoea, Peanibacillus, Pectobacterium, and 
Pseudomonas. In-vitro studies of interactions between non-X. cucurbitae and X. cucurbitae 
showed that Pantoea isolates had antibacterial activity against X. cucurbitae. None of the tested 
non-X. cucurbitae isolates was pathogenic in pumpkin ‘Howden’ plants in the greenhouse tests. 
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Pumpkin and squash 
The Cucurbitaceae family is comprised of more than 100 genera. Some of the important genera in 
this family are Citrullus (Citrullus lanatus, watermelon), Cucumis (Cucumis sativus, cucumber), 
Luffa (Luffa acutangula, angled luffa), and Cucurbita (squash, pumpkin and some other gourds) 
(Jeffrey, 2005). Pumpkin commonly refers to the fruit of species Cucurbita pepo, C. maxima, and 
C. moschata. Among which, C. pepo is the most commonly used scientific name for pumpkin 
(Babadoost and Zitter, 2009). Squash generally refers to some cultivars in species of C. maxima, 
C. mixta, C. moschata, and C. pepo (Berg, 2008). 
The word “pumpkin” is derived from the old English “pompion” (originally, Latin “pepo” and 
Greek “pepon”). The original Latin word for pumpkin fruit “pepo” refers to the fruit with a hard 
rind and flesh interior. The word “squash” was originally derived from a northeastern American 
Indian word “ askutasquash ”, which means eaten raw or uncooked (Babadoost and Zitter, 2009; 
Whitaker, 1950; anoumynous, 2013). The oldest Cucurbita seed was found from the valley of 
Oaxaca in Mexico , which is believed to be left from 9,000 years ago (Whitaker and Cutler, 1971). 
Species of Cucurbita genus are now cultivated all over the world (Whitaker and Bohn, 1950). 
There is a variation in size, shape, and color in pumpkin fruit, even within one species (Babadoost 
and Zitter, 2009). Commonly, the shape of pumpkin is oblate, the equatorial diameter greater than 
the polar diameter. More variation in shape can be observed on squash fruit, such as round, oblong, 
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and even pear-shaped (Whitaker and Bohn, 1950). Size of pumpkin fruit ranges from 5 cm to more 
than 50 cm in diameter. Most pumpkins are orange. However some pumpkin cultivars, such as 
'Lumina' and 'Cotton Candy', are white (Babadoost and Zitter, 2009). The color of squash fruit can 
be yellow, orange, white, and green (Berg, 2008; Whitaker and Bohn, 1950).  
Pumpkin and squash production 
Pumpkin and squash fruit are widely grown throughout the world. Cucurbita fruit usually have 
orange or yellow flesh, which is rich in carotenoid, an important component for human to 
synthesize vitamin A and visual pigment rhodopsin. Pumpkin and squash are also a good source 
for several nutrients, such as vitamin C, dietary fiber, niacin, folic acid, and iron. In addition, 
Cucurbita fruit is also grown worldwide for beverage, medicine, oil, decoration, and recreation 
(Whitaker and Bohn, 1950). The top five biggest pumpkin and squash producing countries are 
China, India, Russia Federation, Iran, and the United States (U.S.) (FAOSTAT, 2012).  
Each year, approximately 1.1 × 109 pounds of pumpkins are produced in the U.S., which values 
about $150 million. In 2013, the leading states in pumpkin production in the U.S. were Illinois, 
Michigan, Ohio, Pennsylvania, New York, and California (USDA, 2014). Approximately 5,000 ha 
of jack-o-lantern pumpkin (C. pepo) and 5,000 ha of canning pumpkin (C. moschata) are produced 
in Illinois each year. More than 90% of the processing pumpkins in the U.S. are grown and 
processed in Illinois. The gross value of processing pumpkin products exceeds $24,000 per ha 
(Babadoost and Zitter, 2009). During 2011-2013, approximately 7.3 × 108 pounds fresh squash, 
valued $283 million, were produced in the U.S. each year. Florida, California, Michigan, New 
York, and Georgia are the bigggest squash producing states (USDA, 2014). 
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Common diseases of pumpkin and squash  
Pumpkin and squash plants and fruit can be infected by several pathogens, including oomycetes, 
fungi, bacteria, viruses, and nematodes during the growing season. Some diseases can also develop 
during transit and storage after harvest. The most important diseases of pumpkin and squash caused 
by oomycetes, fungi, and bacteria are Phytophthora blight (Phytophthora capsici), Fusarium rot 
(Fusarium oxysporum f.sp. melonis), bacterial spot (X. cucurbitae), gummy stem blight and black 
rot (Didymella bryoniae), powdery mildew (Podosphaera xanthii), downy mildew 
(Pseudoperonospora cubensis), and Sclerotinia blight (Sclerotinia sclerootirum) (Babadoost and 
Zitter, 2009). The most common viruses that infecet pumpkin and squash are Cucumber mosaic 
virus, Papaya ringspot virus, Squash mosaic virus, Watermelon mosaic virus, and Zucchini yellow 
mosaic virus (Jossey and Babadoost, 2008). An important nematode disease is southern root-knot 
(Meloidogyne incognita) (Thies et al., 2010) . Some of these diseases can cause up to 100% yield 
losses in pumpkin and squash field (Babadoost and Zitter, 2009). 
Bacterial spot of pumpkin and squash 
Bacterial spot was first reported on 'Hubbard' squash in a New York garden in 1926 (Byran, 1958). 
The pathogen was identified as X. campestris pv. cucurbitae, which was recently changed to X. 
cucurbitae (Kado, 2010). The disease occurs under favorable conditions of ≥ 90% relative 
humidity and warm temperature (25-30°C). The pathogen attacks all cucurbits, including 
cucumber, gourd, muskmelon, pumpkin, squash, and watermelon (Goldberg, 2012). 
X. cucurbitae infects leaves and fruit. Foliar symptoms appear as lesions on leaf blades, sometimes 
on leaf petioles too. The lesions appear water soaked, yellow spot, which become beige in the 
center with age, surrounded by a yellow or brown halo. The lesions are round or angular, 2-4 mm 
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in diameter. Leaf infection can be easily overlooked because of small size of the lesions. As lesions 
coalesce, they may appear more angular, similar to the spots caused by Pseudomonas syringae pv. 
lachrymans  (Babadoost and Zitter, 2009; Babadoost and Ravanlou, 2012). 
X. cucurbitae infection on fruit results in the appearance of lesions,  measuring 1-3 mm in diameter, 
depending on the rind maturity and the presence of moisture. Initial lesions are small, slightly 
sunken, circular, with a beige center and dark brown halo. As the disease develops, the cuticle and 
epidermis crack, and the lesions enlarge, reaching 10 to 15 mm in diameter, and are usually sunken. 
Penetration of bacteria into the flesh can lead to significant fruit rot either in the field or later in 
storage (Babadoost and Zitter, 2009; Babadoost and Ravanlou, 2012). 
X. cucurbitae has been reported to be a seedborne pathogen (William and Zitter, 1996). Isolation 
of this pathogen from soil has been unsuccessful. So far, very little is known about the biology and 
epidemiology of X. cucurbitae (Babadoost and Zitter, 2009). 
In Illinois, pumpkin fruit rot caused by X. cucurbitae exceeds 50% in some commercial fields 
(Babadoost and Zitter, 2009).  
Taxonomic characteristics of X. cucurbitae 
Xanthomonas genus belongs to the family Xanthomonadaceae and comprises 27 species with 
validly published names (Parkinson et al., 2007). Xanthomonas bacteria was first described as 
Bacterium vesicatorium as a pathogen for pepper and tomato in 1921, and was later renamed as 
Xanthomonas campestris by Dowson in 1939, who also proposed the genus Xanthomonas (Doidge, 
1921; Dowson, 1939). Many species within this genus are important phytopathogens that have 
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caused considerable economic losses around the world (Vauterin et al., 2000).  Some of the most 
famous plant bacterial diseases caused by Xanthomonas are bacterial leaf blight of rice 
(Xanthomonas oryzae pv. oryzae), citrus canker (Xanthomonas citri subsp. citri), and bacterial leaf 
streak of rice (Xanthomonas oryzae pv. oryzicola) (Boch and Bonas, 2010).  
Cells of bacteria in the genus Xanthomonas are straight rods (0.4-0.6 × 0.8-2.0 µm) and are Gram 
negative. Other characteristics of Xanthomonas species are: single-celled, absence of resting stages, 
motility by a single polar flagellum, aerobic, and negative in denitrification and nitrate reduction. 
Colonies of bacteria of the genus Xanthomonas are smooth, round, and butyrous when young but 
may show surface markings such as striations and become lobed when older (Kado, 2010). 
Xanthomonadins are a unique class of carotenoid-like pigments produced by members of the 
phytopathogenic species of the genus Xanthomonas. These pigments are brominated, aryl-polyene, 
yellow, and water-insoluble compounds that are associated exclusively with the outer membrane 
of the bacterial cell wall (Stephens and Starr., 1963). Multiplication of the bacteria is inhibited by 
6% NaCl, 30% glucose, 0.01% lead acetate or methyl green, and 0.01% triphenyl tetrazolium 
chloride (Saddler and Bradbury, 2005).  
X. cucurbitae is aerobic, non-spore forming rod bacterium. Its cells are measuring 0.5-1.3 × 0.4-
0.6 µm. The colonies of X. cucurbitae are yellow, convex shiny, and mucoid. The cell of X. 
cucurbitae has only one polar flagellum (Rademaker et al., 2005).  
Genetics of bacteria  
Bacteria have unique genetic structure and property. Bacteria and archaea are grouped as 
prokaryotes, which means “before the nucleus,” to be differentiated from eukaryotes (Snyder and 
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Champness, 2007). The studies of bacterial genetics have provided fundamental information for 
understanding the structure, function, and expression of genes (Shuman and Silhavy, 2003).  
Genetic material of bacteria is comprised of chromosome and plasmids. The size of bacterial 
genome ranges from 139 to 13,000 kbp. The most intensively studied bacterium, Escherichia coli, 
has a double stranded DNA chromosome with about 5,000 kbp encoding aproximately 5,000 genes. 
Most bacteria cells contain one single chromosome, which makes it haploid. Each bacterial cell 
has only one copy for each gene. One important consequence from this characteristic is that any 
genetic change can have direct effect on phenotype, making it relatively easy to manipulate 
genetically. Besides, short generation time makes it possible for scientists to harvest and examine 
progeny in a relatively short period of time. These properties create rapid evolution in bacteria 
(Shuman and Silhavy, 2003; Snyder and Champness, 2007).  
Plasmids are double stranded DNA molecules in bacterial cells. Plasmids have been found 
dispensable for bacterial growth and cell division, but greatly associated with bacterial survival in 
certain environment. The size of plasmid can range from 1 to 1,000 kbp. The important role of 
plasmid has been recognized along with the discovery of several plasmids encoding pathogenicity 
factors (toxins, lysins, adhesins etc.) (Snyder and Champness, 2007; Vivian et al., 2001). The first 
plasmid-controlled factor associated with bacterial virulence was described in 1975 (Evans et al., 
1975). 
Genetic variation in bacteria 
Genetic variation may occur from either spontaneous mutations or genetic material exchange 
between bacteria. There are two kinds of spontaneous mutations: point mutation and DNA 
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rearrangement. Genetic mutation is heritable and will be passed on to the progeny. Genetic material 
exchange can be accomplished through three mechanisms: transformation, conjugation, and 
transduction (Dale and Park, 2004; Robinson et al., 2010; Snyder and Champness, 2007). In 
transformation, DNA from donor cell is released from a cell lysis and is taken by recipient cell. 
While in conjugation, donor DNA is transferred directly in the form of plasmid from donor cell to 
recipient cell through connecting tube. Transduction involves bacteriophage as an intermediate to 
transfer donor DNA into recipient cell. It has already been reported that genetic variation is closely 
related with pathogenesis of bacteria. The transferred DNA must be incorporated into the genome 
of recipient bacterium to make transmission accomplished. Both spontaneous mutation and genetic 
material exchange are important in accelerating the rate of bacterial evolution (Andrews and Harris, 
2000; Robertson and Meyer, 1992).  
Techniques for studying genetic variation of bacteria  
Determining genetic variation in bacteria can be accomplished using different methods. The first 
and oldest method developed for studying genetic variation and diversity is restriction fragment 
length polymorphism (RFLP) (Botstein et al., 1980). It was first applied to map human genes and 
has proved its utility in other species in the following thirty years. Compared with other methods, 
RFLP is preferred for its sensitivity. Even a single base pair mutation at a restriction cutting site 
can result in different pattern of fragments.  
Several polymerase chain reaction (PCR) based methods were developed later to study genetic 
diversity, including repetitive sequence-based polymerase chain reaction (rep-PCR), random 
amplification of polymorphic DNA (RAPD), amplified fragments length polymorphism (AFLP), 
and simple sequence repeats (SSR). Single nucleotide polymorphism (SNP) based methods were 
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also developed (Abdel-Mawgood, 2010). SNPs, as the most abundant form of genetic variation, 
are being widely used to detect QTL associated with interested traits in eukaryotes (Yu et al., 2011). 
The newly developed technique restriction site association DNA sequence (RADseq) combines 
two molecular techniques, RFLP and AFLP, to detect SNPs (Peterson et al. 2012). Also, multilocus 
sequence typing (MLST) are widely applied to determine genetic variation in bacteria by 
comparing multiple genes and calling SNPs across individuals (Maiden et al., 1998). Recently, a 
plant associated and environmental microbes database (PAMDB) was developed using MLST data 
to study taxonomy and gentic variation of genus Xanthomonas (Almeida et al., 2010). 
THESIS OBJECTIVES 
The overall goal of this research was to identify major bacterial species associated with bacterial 
spot on pumpkin and squash fruit in the North Central Region (NCR). The specific objectives of 
this study were: 
1) To survey pumpkin and squash fields in the NCR to determine the incidence and severity of 
bacterial spot on pumpkin and squash fruit; 
2) To determine the genetic variation among X. cucurbitae isolates in the NCR; and 
3) To identify bacteria associated with bacterial spot on pumpkin and squash fruit in the NCR and 
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OCCURRENCE OF BACTERIAL SPOT ON PUMPKIN AND SQUASH FRUIT IN THE 
NORTH CENTRAL REGION 
ABSTRACT 
Field surveys were conducted in 2012 and 2013 to assess occurrence of bacterial spot, caused by 
Xanthomonas cucurbitae, in pumpkin and winter squash fruit in the North Central Region. During 
the surveys, 82 pumpkin and 51 squash fields in 2012, and 98 pumpkin and 28 squash fields in 
2013 were visited.  In each field, 60 fruit were examined on an M-shaped walking path and the 
incidence and severity of bacterial spot were recorded. Five symptomatic fruit were collected from 
each field for further symptom description and isolation of the associated organisms with the 
infected tissues. Symptomatic fruit were observed in 70 of 82 pumpkin and 47 of 51 squash fields 
in 2012, and 89 of 98 pumpkin and 24 of 28 squash fields in 2013. The incidence of fruit with 
bacterial spot in pumpkin and squash fields averaged 27.20 and 18.70% in 2012, and 22.72 and 
18.21% in 2013, respectively.  The highest incidence of fruit with bacterial spot was 96.67 and 
93.33% in pumpkin fields in 2012 and 2013, respectively. Infected fruit had developed lesions, 
commonly 1-3 mm in diameter. Lesions measuring up to 10 mm in diameter were observed on 
some pumpkin and squash cultivars. X. cucurbitae was isolated from symptomatic fruit and 
identified based on the colony morphology, polymerase chain reaction test using RST2/RST3 





MATERIALS AND METHODS 
Field surveys  
Field surveys were conducted during 2012-2013 to assess occurrence of bacterial spot, caused by 
Xanthomonas cucurbitae, on fruit in pumpkin and winter squash fields in the North Central Region 
(NCR). In each state, at least five commercial pumpkin and squash fields were visited. The fields 
were visited within three weeks of harvest in September and October, when fruit were ripe. In 
2012, 133 fields (Table 2.1), including 82 pumpkin fields (Table 2.2) and 51 squash fields (Table 
2.3) in eight states (Illinois, Indiana, Iowa, Kansas, Michigan, Missouri, Ohio, and Wisconsin) 
(Figure 2.1) were visited. In 2013, 126 fields (Table 2.1), including 98 pumpkin fields (Table 2.4) 
and 28 squash fields (Table 2.5) in nine states (Illinois, Indiana, Iowa, Kansas, Michigan, Missouri, 
Nebraska, Ohio, and Wisconsin) were surveyed (Figure 2.2). In each field, 12 locations on an M-
shape path were selected and at each location five fruits were randomly chosen to evaluate for 
incidence and severity of bacterial spot on fruit. Incidence of fruit with bacterial spot in each field 
was calculated as percent of symptomatic fruit over 60 fruit examined. The severity of the disease 
was calculated as the average of percent of affected area of fruit surfaces.   
Collection and maintenance of X. cucurbitae isolates 
Fruit samples, collected from commercial fields were processed for isolation of bacteria within 3 
days from sample collection. For isolating bacteria, soil adhered fruit was removed by washing 
under tap water. The infected area of fruit was disinfested by rubbing with paper towel soaked in 
75% ethanol. Three or four suspected bacterial lesions on each fruit were cut (approximately 5 × 
5 mm tissue) with a sterilized razor blade and the tissue was inserted into a microcentrifuge tube 
containing 1ml sterilized-distilled water (SDW). The tube was then vortexed for 30 s to release 
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bacterial cells from fruit tissue into water. For each sample, a loop full of bacterial suspension was 
streaked onto each of three different culture media, including Luria Bertani agar medium (LB), 
yeast extract-dextrose-CaCO3 agar medium (YDC), and King’s B agar medium (KB) in 100 mm 
Petri plate (Shaad et al., 2001). Streaking was performed in a biological safety cabinet to eliminate 
contamination. Culture plates were incubated in dark at 24 ± 1°C for 48 to 72 h. 
Single-celled yellow colonies in culture plates were subcultured on LB. Subculture process was 
repeated at least once before long term storage of the cultures. Purified suspected X. cucurbitae 
isolates were then transferred into 1.5 ml microcentrifuge tube containing 15% and 30% glycerol 
in SDW and maintained at -20 and -80°C, respectively (Ravanlou and Babadoost, 2013). 
Identification of X. cucurbitae  
Bacterial colony morphology 
Purified bacterial isolates were streaked onto YDC (10 g yeast extract, 20 g dextrose, 20 g calcium 
carbonate, and 15 g agar in 1,000 ml distilled water) and incubated at 24 ± 1°C for 48 to 72 h. 
Xanthomonas species developed characteristic convex, mucoid, and yellow colonies on YDC. 
American type culture collection (ATCC) strain 23378 was included in this study as positive 
control. 
Polymerase chain reaction (PCR) test  
Bacterial isolates were grown on YDC for 48 h at 24 ± 1ºC for PCR tests. Using a toothpick, cells 
of each bacterial isolate were transferred into a microcentrifuge tube containing 1 ml of SDW. 
Bacterial suspension with 1.0 × 109 colony-forming units (CFU) per ml was prepared. 
Xanthomonas-specific primers, RST2 (5′-AGG CCC TGG AAG GTG CCC TGG A-3′) and RST3 
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(5′-ATC GCA CTG CGT ACC GCG CGC GA-3′), which amplify partial hrpB5 and hrpB6 region, 
were used (Leite, 1994). A 25-μl reaction volume was prepared that contained 12.5 μl 2x Gotaq 
Green Master Mix  (Promega Corporation, Madison, WI), 1 μl of each primer, 10 μl of nuclease-
free water, and 0.5 μl of bacterial suspension (109 CFU/ml) (Meng et al., 2004; Zhao et al., 2002). 
PCR amplification was performed with initial denaturation at 95°C for 10 min; 32 cycles of 
denaturing at 95°C for 40 sec, annealing at 59°C for 40 sec, and extension at 72°C for 1 min; 
followed by a final extension step at 72°C for 10 min. The PCR product was kept at 4°C until 
analysis. To visualize amplicon, the resulting  product was run in 1% agarose gel containing 
SYBR® Safe DNA Gel Stain (Thermo Fisher Scientific, Inc., Carlsbad, CA) at 100 volts for 60 
min, and visualized under Blue-light Transilluminator (Thermo Fisher Scientific, Inc.. Carlsbad, 
CA). One kb DNA ladder was also loaded on the gel to determine the size of amplicons. An 
amplicon with the size of 1,400 bp was delineated for each positive isolate (Figure 2.5). 
Pathogenicity test 
Pumpkin cultivar ‘Howden’, which is susceptible to X. cucurbitae, was used for the pathogenicity 
test. Each isolate was cultured on LB at 24 ± 1°C for 72 h. The inoculum was prepared by washing 
bacterial colonies from agar medium into a 15 ml conical tube containing 10 ml SDW. Conical 
tube was then vortexed for 30 sec. Cell density in each inoculum suspension was measured by 
spectrophotometer (Smart Spec 3000; Bio-Rad, Philadelphia, PA) at OD600 nm (OD = 0.5 at 600 
nm). Cell concentration was then adjusted to 1.0 × 108 CFU/ml in SDW. ATCC strain 23378 and 
SDW were also included in this study as positive and negative controls, respectively. Inoculation 
was carried out using a revised syringe pressure infiltration method combining two inoculation 
methods developed by Barak et al. (2001) and Katagiri et al. (2002).  For each isolate, two leaves 
from the same plant were inoculated by three infiltrations per leaf. Twenty-day-old healthy 
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pumpkin plants were inoculated with bacterial suspension at abaxial side of leaves using a 10 ml 
syringe. In each infiltration, approximately 10 µl inoculum was used. Inoculated plants were 
maintained in a greenhouse at 26 ± 2°C. Development of bacterial spot on leaves was monitored 
and recorded after 1, 3, 5, and 7 days post inoculation. Symptomatic leaves were then collected 
from plants in the greenhouse and processed for bacterial isolation. X. cucurbitae was then 
identified by characteristic yellow mucoid colonies on YDC and PCR test, as previously described 
(Mohammadi et al., 2001; Leite, 1994). 
RESULTS 
Occurrence of bacterial spot in pumpkin and squash fields 
Bacterial spot was observed in pumpkin and winter squash fields in all nine states surveyed in the 
NCR in 2012 and 2013 (Table 2.1). In 2012, fruit with bacterial spot was observed in 118 of 133 
(88.72%) pumpkin and squash fields surveyed. Similarly, 113 of 126 (89.68%) of pumpkin and 
squash fields visited in 2013 had fruit with bacterial spot (Table 2.1). 
In 2012, fruit with bacterial spot was observed in 70 of 82 (85.37%) of pumpkin fields (Table 2.2) 
and 48 of 51 (94.12%) squash fields (Table 2.3) surveyed. The incidence of fruit with bacteria spot 
(percent of symptomatic fruit) in all 70 pumpkin fields with infected fruit ranged from 1.70 to 
96.70%. The average incidence of fruit with bacterial spot in all 82 fields surveyed was 27.20% 
(Table 2.2). The severity of bacterial spot (percent of infected surface area) in the pumpkin fields 
with symptomatic fruit ranged from 1.0 to 10.0% (ave 1.8%) (Table 2.2). The incidence of 
symptomatic fruit in 48 squash fields with infected fruit ranged from 1.7 to 78.3%. The incidence 
of fruit with bacterial spot in all 51 fields surveyed averaged 18.7% (Table 2.3). The severity of 
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bacterial spot of fruit in the squash fields with symptomatic fruit ranged from 1.0 to 2.8% (ave 
1.3%) (Table 2.3).  
In 2013, 89 of 98 (90.82%) pumpkin fields (Table 2.4) and 24 of 28 (85.71%) of squash fields 
(Table 2.5) surveyed had fruit with bacterial spot. The incidence of fruit with bacteria spot in 89 
pumpkin fields with infected fruit ranged from 1.70 to 93.30%.  The incidence of fruit with 
bacterial spot in all 98 fields surveyed was averaged 22.72% (Table 2.4). The severity of bacterial 
spot in pumpkin fields with symptomatic fruit ranged from 1.0 to 2.7% (ave 1.2%) (Table 2.4). 
The incidence of symptomatic fruit in 24 squash fields with bacterial spot ranged from 1.7 to 
48.3%. The incidence of fruit with bacterial spot in all 28 squash fields surveyed averaged 18.21% 
(Table 2.5). The severity of bacterial spot in the squash fields with symptomatic fruit ranged from 
1.0 to 1.6% (ave 1.1%) (Table 2.5). 
Symptoms caused by X. cucurbitae on pumpkin and squash fruit 
The most common symptom caused by X. cucurbitae on pumpkin and squash fruit was small (1-5 
mm in diameter) lesions, with beige center and yellow or brown halo (Figures 2.3 and 2.4). Color 
and size of the lesions varied by plant species and cultivar. In some cultivars of jack-o-lantern 
pumpkin (e.g., Cucurbita pepo, ‘Howden’), fruit lesions were small (1-3 mm in diameter), water-
soaked with beige center and brown halo (Figure 2.3A). In some other cultivars of jack-o-lantern 
pumpkin (e.g., C. pepo, ‘Wolf’), fruit lesions were 1-4 mm in diameter, sunken with beige center 
and light brown halo (Figure 2.3B). In processing pumpkin (Cucurbita moschata, ‘Dickinson’), 
lesions were 1-10 mm in diameter, water-soaked with gray center and wide yellow halo on unripe 
fruit (Figure 2.3C); the lesions were 1-4 mm in diameter, water-soaked with beige center and 
narrow light brown halo on ripe fruit (Figure 2.3D).  
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In ‘Hubbard’ squash (C. maxima), lesions were 1-2 mm in diameter, sunken with gray center and 
dark green halo (Figure 2.4A). In ‘Butternut’ squash (C. moschata), lesions were 1-5 mm in 
diameter, with beige center and brown halo (Figure 2.4B). In some cultivars of squash (e.g., C. 
maxima, ‘Speckled Hound’), fruit lesions were 1-5 mm in diameter with beige center and dark red 
halo (Figure 2.4C). In ‘Spaghetti’ squash (C. pepo), lesions were 1-6 mm in diameter with beige 
center and dark brown halo (Figure 2.4D). The rind in some lesions in ‘Butternut’, ‘Speckled 
Hound’, and ‘Spaghetti’ squash had cracked (Figure 2.4).    
Identification of X. cucurbitae 
X. cucurbitae strains developed characteristic mucoid, convex, and yellow green colonies on YDC. 
X. cucurbitae isolates produced 1,400 bp amplicon in PCR tests, which were the same as the 
amplicon produced by the ATCC strain 23378 (Figure 2.5). Plants infiltrated with SDW did not 
develop any lesions (Figure 2.6), and no bacterium was present in the infiltrated spots. But, 
pumpkin leaves inoculated with X. cucurbitae isolates from the NCR developed lesions with 
yellow halo 7 days after inoculation (Figure 2.7). Plants inoculated with ATCC strain 23378 also 
developed lesions with yellow halo (Figure 2.8). X. cucurbitae was isolated from plants inoculated 
with either the X. cucurbitae isolates from the NCR or ATCC strain 23378.  
DISCUSSION 
This study showed that bacterial spot, caused by X. cucurbitae, is prevalent in pumpkin and 
winter squash fields in the NCR. The results of this study agrees with the previous study 
(Ravanlou, 2013), which reported bacterial spot incidence in more than 80% of pumpkin fields in 
Illinois. Similar reports have been recently published from other cucurbit growing areas in the 
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U.S. and other parts of the world (Babadoost and Zitter, 2009; Dutta et al., 2012; Dutta et al., 
2013; Goldburg, 2012; Pruvost et al., 2009; Trueman et al., 2014).  
Bacterial spot was not a common disease in cucurbit crops until 2006, but it has gradually become 
a serious threat to production of pumpkin and winter squash in the NCR and other cucurbit growing 
areas (Babadoost and Zitter, 2009; Ravanlou, 2013). Since 2009, fruit loss in some pumpkin fields 
caused by bacterial spot was so high that some of the pumpkin growers in Illinois and Nebraska 
ceased pumpkin production (Babadoost, personal communications). Additional research is needed 
to study infection of various cucurbit crops and different cultivars, especially in pumpkins and 
winter squash, with X. cucurbitae.  Limited information on the etiology of bacterial spot on 
cucurbit crops is available.   
The existing methods for managing bacterial spot on cucurbits are using copper compounds and 
some fungicides, which are expected to suppress disease development. None of the copper 
compounds, biocontrol agents, and fungicides with potential effects on bacterial diseases, were 
found effective in significantly reducing occurrence of bacterial spot in pumpkin in Illinois (Thapa, 
2014). Thus, developing effective strategies for managing bacterial spot on cucurbits is essential. 
The research for this purpose should focus on developing effective seed treatment for eradication 
of X. cucurbitae in infected seed, determining resistance cultivars to bacterial spot, and reliable 
crop rotation.  
In the NCR, bacterial spot has been widely observed on pumpkins and winter squash. No bacterial 
spot, caused by X. cucurbitae, has been observed on cucumber, muskmelon, summer squash (e.g., 
yellow squash and zucchinis), or watermelon in the NCR. But, bacterial spot has been reported on 
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cucumber and watermelon from other cucurbit growing areas (Dutta et al., 2013). Further focused 
studies may reveal infection of leaves, if not fruit, with X. cucurbitae in other cucurbit crops.   
Diagnosing bacterial spot from other bacterial diseases of cucurbits, especially from angular leaf 
spot caused by Pseudomonas syringae pv. lachrymans, in cucurbit crops was a challenging task 
(Babadoost, 2009; Balaž et al., 2014; Hansen, 2009). No species-specific primer was available for 
identifying X. cucurbitae. However, only X. cucurbitae produced 1,400 bp amplicon with the 
Xanthomonas-specific primers RST2/RST3. Based on this primer-specificity, X. cucurbitae can 
be easily identified from other bacteria, as RST2/RST3 are Xanthomonas-specific primers and all 
tested Xanthomonas spp. (other than X. cucurbitae) produce 840 bp amplicon (Dutta et al., 2012; 
Dutta et al., 2013; Schaad et al., 2001). Also, combined methods of using characteristic colony 
morphology of X. cucurbitae on YDC; PCR test with primers RST2/RST3, and pathogenicity test 
on the susceptible pumpkin ‘Howden’, is a reliable process for diagnosing bacterial spot from other 













TABLES AND FIGURES 
Table 2.1. Occurrence of bacterial spot, caused by Xanthomonas cucurbitae, in pumpkin and 


















Illinois 70 59  57 52 
Indiana 10 10  8 6 
Iowa 14 14  8 8 
Kansas 10 10  10 10 
Michigan 5 3  13 8 
Missouri 5 3  5 5 
Nebraska ─ ─  9 9 
Ohio 13 13  10 10 
Wisconsin 6 6  6 5 
Total 133 118  126 113 
      
y Fields were surveyed within 3 weeks of fruit harvest during September and October. 
z Includes both pumpkin and squash fields. 
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Table 2.2. Incidence and severity of fruit bacterial spot, caused by Xanthomonas cucurbitae, in pumpkin fieldsw in the North Central 






infected fruit (no.) 
 Incidence (%)
y  Severity (%)
z 
  Lowest Highest Average  Lowest Highest Average 
Illinois 46 37  0.0 91.7 20.8  1.0 10.0 2.4 
Indiana 7 7  13.3 96.7 59.8  1.0 2.5 1.7 
Iowa 3 3  6.7 50.0 21.1  1.0 1.2 1.1 
Kansas 5 5  8.3 21.7 14.0  1.0 1.0 1.0 
Michigan 4 2  0.0 14.0 5.6  1.0 1.1 1.1 
Missouri 2 1  0.0 81.7 40.8  1.1 1.1 1.1 
Nebraska ─ ─  ─ ─ ─  ─ ─ ─ 
Ohio 12 12  15.0 91.7 44.9  1.0 1.7 1.1 
Wisconsin 3 3   16.7 40.0 25.0  1.1 1.3 1.2 
Total/Average 82 70   0.0 96.7 27.2  1.0 10.0 1.8 
w In each field, 60 fruit were examined for the presence of symptoms of bacterial spot. 
x Fields were surveyed within 3 weeks of fruit harvest during September and October. 
y Percent of symptomatic fruit over all fruit examined. 






Table 2.3. Incidence and severity of fruit bacterial spot, caused by Xanthomonas cucurbitae, in squash fieldsw in the North Central 






infected fruit (no.) 
 Incidence (%)
y  Severity (%)
z 
  Lowest Highest Average  Lowest Highest Average 
Illinois 24 22  0.0 60.0 17.2  1.0 2.3 1.5 
Indiana 3 3  45.0 53.3 48.3  1.1 1.4 1.3 
Iowa 11 11  3.3 38.3 11.5  1.0 1.1 1.0 
Kansas 5 5  8.3 30.0 19.7  1.0 2.8 1.4 
Michigan 1 1  3.3 3.3 3.3  1.0 1.0 1.0 
Missouri 3 2  0.0 78.3 44.4  1.1 1.7 1.4 
Nebraska ─ ─  ─ ─ ─  ─ ─ ─ 
Ohio 1 1  18.3 18.3 18.3  1.1 1.1 1.1 
Wisconsin 3 2  0.0 13.3 5.6  1.0 1.0 1.1 
Total/Average 51 47  0 78.3 18.7  1.0 2.8 1.3 
w In each field, 60 fruit were examined for the presence of symptoms of bacterial spot. 
x Fields were surveyed within 3 weeks of fruit harvest during September and October. 
y Percent of symptomatic fruit over all fruit examined. 






Table 2.4. Incidence and severity of fruit bacterial spot, caused by Xanthomonas cucurbitae, in pumpkin fieldsw in the North Central 






infected fruit (no.) 
 Incidence (%)
y  Severity (%)
z 
  Lowest Highest Average  Lowest Highest Average 
Illinois 46 43  0.0 83.3 18.3  1.0 2.7 1.3 
Indiana 8 6  0.0 76.7 18.1  1.0 1.2 1.0 
Iowa 5 5  1.7 35.0 16.3  1.0 1.1 1.0 
Kansas 6 6  13.3 61.7 40.3  1.0 1.4 1.1 
Michigan 10 6  0.0 36.7 13.3  1.0 1.1 1.0 
Missouri 3 3  16.7 30.0 21.7  1.0 1.1 1.0 
Nebraska 6 6  3.3 16.7 8.3  1.0 1.0 1.0 
Ohio 10 10  18.3 93.3 53.7  1.0 1.9 1.3 
Wisconsin 4 4   13.3 66.7 32.9  1.0 1.1 1.0 
Total/Average 98 89   0.0 93.3 22.7  1.0 2.7 1.2 
w In each field, 60 fruit were examined for the presence of symptoms of bacterial spot. 
x Fields were surveyed within 3 weeks of fruit harvest during September and October. 
y Percent of symptomatic fruit over all fruit examined. 






Table 2.5. Incidence and severity of fruit bacterial spot, caused by Xanthomonas cucurbitae, in squash fieldsw in the North Central 






infected fruit (no.) 
 Incidence (%)
y  Severity (%)
z 
  Lowest Highest Average  Lowest Highest Average 
Illinois 11 9  0.0 48.3 20.2  1.0 1.6 1.2 
Indiana ─ ─  ─ ─ ─  ─ ─ ─ 
Iowa 3 3  13.3 33.3 20.6  1.0 1.0 1.0 
Kansas 4 4  11.7 48.3 28.3  1.0 1.7 1.3 
Michigan 3 2  0.0 18.3 6.7  1.0 1.0 1.0 
Missouri 2 2  16.7 18.3 17.5  1.0 1.0 1.0 
Nebraska 3 3  6.7 28.3 18.3  1.0 1.0 1.0 
Ohio ─ ─  ─ ─ ─  ─ ─ ─ 
Wisconsin 2 1  0.0 3.3 1.7  1.0 1.0 1.0 
Total/Average 28 24  0.0 48.3 18.2  1.0 1.7 1.1 
w In each field, 60 fruit were examined for the presence of symptoms of bacterial spot. 
x Fields were surveyed within 3 weeks of fruit harvest during September and October. 
y Percent of symptomatic fruit over all fruit examined. 




Figure 2.1. Location of surveyed pumpkin (yellow) and squash (red) fields for occurrence of bacterial spot, caused by 




Figure 2.2. Location of surveyed pumpkin (yellow) and squash (red) fields for occurrence of bacterial spot, caused by 
















Figure 2.3. Symptoms caused by Xanthomonas cucurbitae on pumpkin fruit in the 
North Central Region. A, water soaked lesions with brown halo in a fruit of jack-o-
lantern pumkin ‘Howden’;  B, sunken lesions with beige center and dark brown halo 
in a fruit of jack-o-lantern pumpkin ‘Wolf’; C, lesions with gray center and yellow 
halo in an unripe fruit of processing pumpkin  ‘Dickinson’; and D, lesions with beige 








Figure 2.4.  Symptoms caused by Xanthomonas cucurbitae on squash fruit in the North 
Central Region. A, ‘Hubbard’ squash (Cucurbita maxima) with water soaked, sunken lesions 
with beige center and dark green halo; B, ‘Butternut’ squash (C. moschata) with lesions with 
cracked beige center and light brown halo; C, ‘Speckled Hound’ squash (C. maxima) with 
lesions with cracked beige center and dark red halo; and D, ‘Spaghetti’ squash (C. pepo) with 








Figure 2.5. PCR product of Xanthomonas cucurbitae isolates with primers RST2 (5′-AGG CCC 
TGG AAG GTG CCC TGG A-3′) and RST3 (5′-ATC GCA CTG CGT ACC GCG CGC GA-3′). 
Produced amplicon was 1,400 bp with all the tested  X. cucurbitae isolates. ATCC = American 
Type Culture Collection; IL = Illinois; OH = Ohio; IN = Indiana; WI = Wisconsin; KS = Kansas; 
IA = Iowa; and MI = Michigan. 
 
 
Figure 2.6. A leaf of pumpkin ‘Howden’ 7 days after infiltration with sterilized 
distilled water as negative control. No typical bacterial lesion was observed and 





Figure 2.7. Symptom developed in a leaf of pumpkin ‘Howden’ 7 
days after inoculation with a Xanthomonas cucurbitae isolate 
collected from pumpkin fruit in the North Central Region. X. 
cucurbitae was isolated from the lesions in the leaf. 
 
 
Figure 2.8. Symptom developed in a leaf of pumpkin ‘Howden’ 7 
days after inoculation with American Type Culture Collection strain 
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GENETIC VARIATIONS OF XANTHOMONAS CUCURBITAE FROM THE NORTH 
CENTRAL REGION  
ABSTRACT 
To study genetic variation of Xanthomonas cucurbitae, both multilocus sequence typing (MLST) 
and restriction associated DNA sequence analysis (RADseq) were performed. Twenty X. 
cucurbitae isolates from Illinois, Indiana, Kansas, Ohio, and Wisconsin were subjected to MLST 
analysis. Three housekeeping genes (fusA, gltA, and gyrB) were sequenced for each isolate and 
concatenated sequences were generated for phylogenetic analysis. No genetic variation was 
found among 20 X. cucurbitae isolates. However, using concatenated sequences, a phylogenetic 
tree was generated for various Xanthomonas species, which distinguished X. cucurbitae from 
other Xanthomonas species. It also showed that X. cucurbitae has close phylogenetic relationship 
with X. campestris. More than 144 million single-end reads (100 bp) were obtained from 81 X. 
cucurbitae isolates, a X. cucurbitae strain from American Type Culture Collection, and an 
Escherichia coli strain to investigate genetic variation of X. cucurbitae using RADseq.  X. 
campestris pv. campestris genome (ATCC strain 33913) was used as reference genome in this 
study. A total of 156,985 single nucleotide polymorphisms (SNPs) were detected across 83 
bacterial isolates. Seven clusters were distinguished based on genetic distance matrix (Clusters I, 
II, III, IV, V, VI, and VII), among which Illinois isolates exhibited more genetic diversity than 
the isolates from other states. Therefore, it is concluded that RADseq could detect genetic 




MATERIALS AND METHODS 
Polymerase chain reaction (PCR) test to confirm X. cucurbitae isolates 
Molecular identification was performed to confirm X. cucurbitae isolates prior to genetic variation 
study. PCR was conducted using a Xanthomonas-specific primer set, forward primer RST2 (5′-
AGG CCC TGG AAG GTG CCC TGG A-3′) and reverse primer RST3 (5′-ATC GCA CTG CGT 
ACC GCG CGC GA-3′), which amplify partial hrpB5 and hrpB6 region (Leite, 1994). PCR 
amplification was performed with initial denaturation at 95°C for 10 min; 32 cycles of denaturing 
at 95°C for 40 sec, annealing at 59°C for 40 sec, and extension at 72°C for 1 min; followed by a 
final extension step at 72°C for 10 min. American Type Culture Collection (ATCC) strain 23378 
was included in PCR test as positive control. 
Genetic variation of X. cucurbitae 
Bacteria strains used in MLSA study 
Twenty isolates of X. cucurbitae, collected from commercial fields in the North Central Region 
(NCR) during 2012-2013 (Table 3.1), were used in this study. These isolates were from Illinois, 
Indiana, Kansas, Michigan, and Wisconsin. All isolates were stored in individual 1.5 ml 
microcentrifuge tube containing 1 ml solution of 15 or 30% glycerol in sterilized distilled water 
(SDW) at -20 and -80 ºC, respectively (Schaad et al., 2001). 
DNA sequencing 
Isolates were cultured on Luria Bertani agar medium (LB) (Fisher Scientific Inc., Fair Lawn, NJ) 
and incubated at 25ºC for 2-3 days before PCR test. Degenerate primers, were used to amplify 
fusA, gltA, and gyrB genes (Almeida et al., 2010).  Amplified genetic loci were apart approximately 
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400 to 600 bp from each other. The PCR reaction contained 50 μl 2x GoTaq Green Master Mix  
(Promega Corporation, Madison, WI), 4 μl of each primer, 40 μl of nuclease-free water, and 2 μl 
of bacterial suspension (~109 CFU/ml) (Meng et al., 2004; Zhao et al., 2002). PCR amplification 
was performed with initial denaturation at 94°C for 2 min; 32 cycles of denaturing at 94°C for 1 
min, annealing at 58°C for 90 sec, and extension at 72°C for 90 sec; followed by a final extension 
step at 72°C for 10 min. PCR products were stored at 4°C until analysis.  
PCR products were checked using 1% agarose gel containing SYBR® Safe DNA Gel Stain (Life 
Technologies, Carlsbad, CA), and visualized under Blue-light Transilluminator (Clare Chemical 
Research, Inc., Dolores, CO). The products were then purified with the Wizard SV gel and PCR 
Clean-Up kit (Promega Corporation, Madison, WI). Purified PCR products were submitted for 
sequencing from both ends at the University of Illinois Core DNA Sequencing Facility. Sequences 
for each gene were aligned and edited using Sequencher 5.0. 
The trimmed sequences were 591, 501, and 411 bp for the fusA, gltA, and gyrB genes, respectively. 
Concatenated sequences were compared and analyzed through ClustalW2 
(http://www.ebi.ac.uk/Tools/msa/clustalw2). The concatenated sequences for the three genes of 
other Xanthomonas spp. were acquired through Plant Associated and Environmental Database 
(PAMDB) (http://genome.ppws.vt.edu/cgi-bin/MLST/home.pl) (Table 3.2). Phylogenetic tree was 
constructed based on concatenated sequences in PAUP* version 4.0b10 (Almeida et al., 2010) 





Bacterial isolates used in RADseq analysis 
Eighty one bacterial isolates used in this study were collected from commercial fields in the NCR 
during 2012-2013 (Table 3.3). These isolates were from 7 states of Illinois, Indiana, Iowa, Kansas, 
Michigan, Ohio, and Wisconsin. All isolates were stored in individual 1.5 ml microcentrifuge tubes 
containing 1 ml solution of 15 or 30% glycerol in SDW at -20 and -80ºC, respectively (Schaad et 
al., 2001). 
Whole genome extraction of bacterial isolates 
Eighty one X. cucurbitae isolates, ATCC strain 23378, and an Escherichia coli strain were 
included in this study. Bacterial isolates were cultured on LB in Petri plates and plates were 
incubated in dark at 24 ± 1°C for 48 h. One loop of bacterial cells from a colony on LB plate was 
transferred into a centrifuge tube and suspended in 1 ml of SDW. Bacterial DNA was extracted 
using FastDNA™ Spin Kits (MP Biomedicals, Solon, OH) according to the manufacturer’s 
instruction. Quality and concentration of extracted DNA were recorded using a NanoDrop ND 
2000 spectrophotometer (Thermo Scientific Inc., Carlsbad, CA). 
Restriction endonuclease digestion of whole genome DNA 
One microgram of extracted DNA was added to 50 μl reaction mixture containing 5 μl 10x NEB3 
buffer (New England BioLabs Inc., Ipswich, MA), 0.5 μl 100x BSA (New England BioLabs Inc., 
Ipswich, MA), 33.5 μl H2O, and 5 units of each of two restriction endonucleases, MspI (New 
England BioLabs, #R0106T) and SacI (New England BioLabs Inc., Ipswich, MA). Digestion was 
done at 37°C for 4 h and enzymes were inactivated by incubating at 80°C for 20 min. Digested 
DNAs were checked in 1% agarose gel containing SYBR® Safe DNA Gel Stain (Life 
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Technologies, Carlsbad, CA)) at 100 V for 60 min, and visualized with Blue-light Transilluminator 
(Thermo Scientific Inc., Carlsbad, CA) (Figure 3.2).  
Preparation of adapters  
Oligonucleotides for making adapters were synthesized by Bioneer® (Bioneer Inc., Alameda, CA) 
(Table 3.4 and 3.5). To make double stranded (ds) adapters from single stranded (ss) 
oligonucleotides, 10 μl of each complementary (ss) oligonucleotides, 10 μl of 10x annealing buffer 
(100 mM Tris pH 8, 10 mM EDTA, and 50 mM NaCl), and 70 μl nuclease-free sterile water were 
mixed in a 500 μl microcentrifuge tube. The tubes were heated up to 96°C, then cooled down to 
room temperature, and stored at -20°C. Digested DNA fragments for each isolates were ligated to 
adapter 1 and adapter 2 each with indexed barcodes.  
Ligation of adapter to digested DNA fragments 
Ligation reaction was performed in a 50 μl reaction mixture, containing 30 μl of DNA fragments, 
8 μl of 0.1 μM adapter 1, 2 μl of 10x NEB3, 1 μl of 10 μM adapter 2, 5 μl of 10 mM Adenosine 5´ 
triphosphate (ATP) (New England BioLabs Inc., Ipswich, MA), 1.25 μl concentrated T4 DNA 
ligase (400 U/ μl) (New England BioLabs Inc., Ipswich, MA), and 2.75 μl nuclease free sterile 
water. The reaction was incubated at 4°C for 18 h and then heated to 65°C for 20 minutes to 
inactivate T4 DNA ligase. 
RADseq tag amplification/enrichment PCR 
Adapter-ligated DNA fragments were amplified by PCR. PCR was performed using a thermal 




TCT3´) and PCR2 (5´-CAAGCAGAAGACGGCATACGA-3´). PCR reaction mixture (40 μl) 
contained 20 μl phusion high-fidelity PCR Master Mix with HF buffer (New England BioLabs 
Inc., Ipswich, MA), 0.8 μl of each primer (10 μM), 12.4 μl of nuclease-free water, and 6 μl of 
ligated DNA. PCR cycle included initial denaturation at 98°C for 30 sec; 17 cycles of denaturing 
at 98°C for 10 sec, annealing at 65°C for 30 sec, and extension at 72°C for 30 sec; followed by a 
final extension step at 72°C for 30 sec.  All PCR products were stored at 4°C for immediate use or 
at -20°C for long-term storage.  
Size selection using agarose gel electrophoresis 
Entire amplified PCR product mixed with 6x loading dye was run on 1.25% agarose gel containing 
SYBR® Safe DNA Gel Stain (Life Technologies, Carlsbad, CA) at 110 V for 70 min and 
visualized with gel imaging system. Size of the DNA fragments was determined by comparing 
100 bp DNA ladder. Under the Blue-light Transilluminator (Clare Chemical Research, Inc., 
Dolores, CO), DNA fragments with the size between 200 and 500 bp were cut using a clean razor 
blade and then transferred into a sterilized 1.5 ml microcentrifuge tube (Figure 3.3).  
Gel purification of DNA fragments 
 DNA in the agarose gel from previous step was recovered using Wizard SV gel and PCR Clean-
Up system (Promega Corporation, Madison, WI) according to the manufacturer’s instruction, and 
then the DNA for each isolate was eluted in 20 μl nuclease-free water, and stored at -20°C for the 





Quantification of DNA concentration using Qubit® 2.0 Fluorometer 
Two hundred μl of DNA suspension was prepared following the instruction provided by Qubit™ 
dsDNA BR Assay Kits (Life Technologies, Carlsbad, CA). Concentration of DNA was determined 
in Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA). DNA concentration of the sample 
was calculated as = QF value × (200/ X); where, QF = the value given by the Qubit® 2.0 
Fluorometer; and X= the number of microliters of sample added to the assay vial.  
Pooling of DNA libraries 
Based on the concentration obtained from Qubit dsDNA BR assay, DNA concentration was 
normalized to 10 nM. Pool of DNA libraries were made by mixing 1 μl of each DNA sample. All 
81 isolates of X. cucurbitae along with ATCC strain 23378, and E. coli strain were pooled and 
subjected to sequencing at one flow cell lane. The pooled DNA library was submitted to the High-
Throughput Sequencing and Genotyping Unit of the Biotechnology Center at the University of 
Illinois, Urbana-Champaign. Sequencing runs were performed on Illumina HiSeq2000 for 100 bp 
single-end reads.  
Analysis of sequence reads 
Quality of the generated sequence data in eight sequenced libraries including median and 
distribution of the quality scores (Solexa scores) at each sequence position of 100 bp was checked. 
More than 144 million reads with quality score higher than 30 from start to finish were obtained. 
Individual libraries of the isolates was determined and separated from the pooled samples by their 
4-base or 5-base prefixed barcode using Samtool process_radtags program. At the same time, 
sequencing reads with low quality were discarded. The fastq reads were aligned to the reference 
genome of X. campestris ATCC strain 33913 using Novoalign software. Default settings took into 
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account of adaptor trimming and quality control to include reads with Phred quality scores greater 
than 10 (Base call accuracy > 90). Bam files were indexed with specific @RG header line for 
isolate recognition. All reads from isolates were piled up using SAMtools mpileup (Cormie et al., 
2013; Li et al., 2009; Peterson et al., 2012). Bcftools were used to call SNPs from the generated 
piled up file by outputting variant sites only (Holt et al., 2009; Ratan, 2010; Vallania et al, 2010).  
Generating distance matrix and cluster  
The merged VCF file was converted to PLINK accepted format (PED) using software PLINK 
1.07. By using complete linkage agglomerative clustering, based on pairwise identity-by-state 
(IBS) distance, an 83 × 83 genetic distance matrix (identity by descent) was created. Then, a 
dendrogram reflecting genetic distance between isolates was created using hclust package 
(method “ward”) in software R x64.3.0. Along which, a multidimensional scaling plot analysis 
were performed using software R x64.3.0 to visualize distance among individual isolates. The 
position of detected SNPs was extracted from VCF file and compared to the genome of ATCC 
strain 33913. The number of coding SNPs was counted subsequently. 
RESULTS 
MLST/MLSA analysis of X. cucurbitae and other Xanthomonas spp. 
All three genes, fusA, gltA, and gyrB, were amplified for all 20 X. cucurbitae isolates from 5 states 
in the NCR. Each gene was sequenced from both ends, and the sequences from both directions 
were assembled and edited in Sequencher 5.0. Sequences were concatenated to yield a total length 
of 1,503 bp. Concatenated sequences for 20 X. cucurbitae isolates were identical through multiple 
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sequence alignment in ClustalW. As a result, no genetic variation was detected among X. 
cucurbitae isolates in MLST analysis. 
Sequences of the three genes for other 33 Xanthomonas species were downloaded from PAMDB 
database. Three identical concatenated sequences of X. cucurbitae were included in this study, thus 
generating a total of 36 concatenated sequences for phylogenetic analysis.  One phylogenetic tree 
was derived using parsimony algorithm in PAUP* version 4.0b10 (Figure 3.1). Bootstrap values 
obtained from 5,000 replicates were labeled on branches. No bacterial isolate from different genus 
was applied as outgroup in this analysis. In addition, the topology of this tree (generated based on 
3 housekeeping genes) was similar to the phylogenetic tree reported by Almeida and coworkers 
(2010), confirming the efficiency of MLST in analyzing phylogenetic relationships between 
Xanthomonas species. All bootstrap values were higher than 52%. Major clusters were supported 
by bootstrap values larger than 80%, indicating that the major nodes were well supported in this 
study. There was closer phylogenetic relationship between X. cucurbitae and X. campestris, 
compared to other species within the Xanthomonas genus.  
Genetic variation of X. cucurbitae from the NCR using RADseq. 
More than 144 million reads were obtained from the pooled library. For each isolate, the 
percentage of reads aligned to X. campestris reference genome ranged from 30% to 40%. A total 
of 156,985 SNPs across the whole genome were detected. Among them, 152,738 SNPs (> 97%) 
located within functional coding regions by comparing all of the SNPs to the genome of X. 
campestris pv. campestris ATCC 33913.  
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Seven clusters were observed based on genetic distance matrix (Clusters I, II, III, IV, V, VI, and 
VII) (Figure 3.4). Cluster I has one strain, E. coli. Cluster II is comprised of 24 isolates, mainly 
from Illinois, Indiana, and Ohio. Cluster III contains 7 isolates from Indiana and Wisconsin. 
Cluster IV contains 9 isolates from Illinois and Iowa. Cluster V contains one isolate from Iowa, 
two isolates from Michigan, and 11 isolates from Wisconsin. Cluster VI contains one isolate from 
Illinois and 12 isolates from Kansas. Cluster VII contains 12 isolates from Illinois and 3 isolates 
from Iowa. Compared with the isolates from other states, isolates from Illinois exhibited more 
genetic diversity (Figure 3.4 and Figure 3.5). 
DISCUSSION 
Numerous researches have proven the efficiency of MLST analysis in studying bacterial 
phylogenetic relationships, especially at genus level, by mimicking the result from 16S rRNA 
sequence analysis (Almeida et al., 2010; Fargier et al., 2011; Woese and Fox, 1977; Young et al., 
2008). However, MLST did not detect genetic variation below X. cucurbitae species level by 
sequencing only three housekeeping genes of 20 X. cucurbitae isolates from the NCR. Possible 
reasons for not detecting genetic variations among X. cucurbitae isolates in this study are: (i) only 
three housekeeping genes were included in this MLST analysis, while most of previous MLST 
studies involved 4 to 8 genes; (ii) absence of reference genome from X. cucurbitae resulted in 
failure to design proper primers for sequencing housekeeping genes in X. cucurbitae; and (iii) 
MLST is not sensitive enough to detect genetic variation below X. cucurbitae species level.  
Though no variation was found below species level, MLST has been proven to be an effective way 
in analyzing phylogenic relationships at species level. In this study, the phylogenetic tree generated 
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for species within Xanthomonas genus yielded similar result as reported by Almeida and 
coworkers (2010). This tree confirmed the close phylogenic relationship between X. cucurbitae 
and X. campestris, as compared to other species in Xanthomonas genus. Furthermore, it supported 
the reclassification of X. campestris pv. cucurbitae into X. cucurbitae by distinguishing X. 
cucurbitae from other Xanthomonas spp. 
RADseq, has been demonstrated to be more sensitive in revealing genetic variations below species 
level. The application of SNPs from RADseq is not constrained to population genetic study. Data 
from RADseq can also be used for detecting SNPs contributing to bacterial pathogenicity. 
Detection of genetic variation using RADseq can be improved by following practices: (i) by using 
homogeneous genome as reference, since about one third of the reads for each isolate were aligned 
to heterogeneous reference genome in this study; (ii) if no homogeneous genome sequence is 
available, combined genomes from closely related species can be an alternative for better coverage 
of reads; and (iii) combining phenotypic data of bacterial strains (e.g., pathogenic virulence) in 











TABLES AND FIGURES 
Table 3.1. Xanthomonas cucurbitae (Xc) isolatesx used for multilocus sequence typing (MLST). 
No. Isolate Statey 





1 Xc-1221 IL Peoria, Princville 2013 PP 
2 Xc-123 IL Peoria, Princville 2013 PP 
3 Xc-138 IL Malta, Dekalb 2013 JOL 
4 Xc-139 IL Malta, Dekalb 2013 JOL 
5 Xc-333 IN Brookston, White 2013 JOL 
6 Xc-334 IN Brookston, White 2013 JOL 
7 Xc-336 IN Brookston, White 2013 JOL 
8 Xc-337 IN Brookston, White 2013 JOL 
9 Xc-380 IA Wever, Lee 2013 JOL 
10 Xc-382 IA Wever, Lee 2013 JOL 
11 Xc-386 IA Wever, Lee 2013 JOL 
12 Xc-430 KS Courtland, Republic 2013 S 
13 Xc-433 KS Courtland, Republic 2013 S 
14 Xc-4551 KS Norway, Republic 2013 JOL 
15 Xc-456 KS Norway, Republic 2013 JOL 
16 Xc-4581 KS Norway, Republic 2013 JOL 
17 Xc-2561 OH South Charleston, Clark 2013 JOL 
18 Xc-261 OH South Charleston, Clark 2013 JOL 
19 Xc-2831 OH South Charleston, Clark 2013 JOL 
20 Xc-2871 OH South Charleston, Clark 2013 JOL 
      
x X. cucurbitae isolates were from pumpkin and squash fruit collected during field 
  surveys in 2012 and 2013 in the North Central Region.  
y IL = Illinois; IN = Indiana; IA = Iowa; KS = Kansas; and OH = Ohio.  











Table 3.2. Xanthomonas species used for multilocus sequence typing (MLST) 
No. Species name Old name 
1 Xanthomonas campestris ATCC 31313  
2 Xanthomonas campestris ATCC 33436  
3 Xanthomonas campestris ATCC 33442  
4 Xanthomonas campestris 8004  
5 Xanthomonas campestris ATCC 31600  
6 Xanthomonas vesicatoria ICMP63 X. campestris pv. vesicatoria 
7 Xanthomonas axonopodis axonopodis ICMP50  
8 Xanthomonas citri pv. citri LMG 9322 X. campestris pv. citri, X. axonopodis pv. citri 
9 Xanthomonas citri pv. citri A* 1609 X. campestris pv. citri, X. axonopodis pv. citri 
10 Xanthomonas citri pv. citri 2032 X. campestris pv. citri, X. axonopodis pv. citri 
11 
Xanthomonas axonopodis pv. glycines ATCC 
11766 
X. campestris pv. glycines 
12 
Xanthomonas citri pv. malvacearum ATCC 
14982 
X. campestris pv. malvacearum, X. 
axonopodis subsp. malvacearum 
13 
Xanthomonas citri pv. malvacearum ATCC 
49290 
X. campestris pv. malvacearum, X. 
axonopodis subsp. malvacearum 
14 
Xanthomonas fuscans pv. aurantifolii B 1622 X. citri pv. aurantifolii, X. axonopodis pv. 
aurantifolii 
15 
Xanthomonas axonopodis pv. vignicola LMG 
8137 
X. campestris pv. vignicola, X. vignicola 
16 
Xanthomonas fuscans pv. fuscans ICMP239 X. campestris pv. phaseoli, X. axonopodis pv. 
phaseoli 
17 
Xanthomonas axonopodis pv. vignicola LMG 
8752 
X. campestris pv. vignicola, X. vignicola 
18 
Xanthomonas alfalfae subsp. alfalfae ATCC 
11765 
X. axonopodis pv. alfalfae, X. campestris pv. 
alfalfae 
19 
Xanthomonas alfalfae subsp. citrumelonis 
1887 CBS 
X. campestris pv. citri, X. axonopodis pv. 
citrumelo 
20 
Xanthomonas alfalfae subsp. citrumelonis 
LMG 9325 
X. campestris pv. citri, X. axonopodis pv. 
citrumelo, X. citri 
21 
Xanthomonas alfalfae subsp. citrumelonis 
1902_CBS 
X. campestris pv. citri, X. axonopodis pv. 
citrumelo 
22 
Xanthomonas axonopodis pv. begoniae 
ICMP194 
X. campestris pv. begoniae 
23 
Xanthomonas axonopodis pv. phaseoli ICPB 
10532  
X. campestris pv. phaseoli 
24 
Xanthomonas axonopodis pv. phaseoli ICPB 
10533 
X. campestris pv. phaseoli 
25 
Xanthomonas axonopodis pv. manihotis LMG 
784 




Table 3.2. (cont.) 
No. Species name Old name 
26 
Xanthomonas axonopodis pv. manihotis ATCC 
23380 
X. campestris pv. manihotis 
27 
Xanthomonas arboricola pv. corylina 
ICMP5726 
X. campestris pv. corylina 
28 Xanthomonas oryzae pv. oryzicola BLS 256  
29 Xanthomonas oryzae pv. oryzae KACC 10331  
30 Xanthomonas hortorum pv. hederae LMG 733 X. campestris pv. hederae 
31 Xanthomonas hortorum pv. taraxaci ICMP579 X. campestris pv. taraxaci 
32 Xanthomonas gardneri ICMP16689 X. campestris pv. vesicatoria 
33 Xanthomonas nigromaculans LMG 787  
34 Xanthomonas cucurbitae (Xc-1221) X. campestris pv. cucurbitae 
35 Xanthomonas cucurbitae (Xc-2561) X. campestris pv. cucurbitae 


















Table 3.3. Xanthomonas cucurbitae (Xc)w and Escherichia coli strain used for restriction 
associated DNA sequence analysis (RADseq). 






1 ATCC-Xc 23378z     
2 E. coli      
3 Xc-1221 IL Peoria, Princville 2013 PP 
4 Xc-123 IL Peoria, Princville 2013 PP 
5 Xc-138 IL Malta, Dekalb 2013 JOL 
6 Xc-139 IL Malta, Dekalb 2013 JOL 
7 Xc-185 IL Huntley, McHenry 2013 JOL 
8 Xc-222 IL Keenes, Wayne 2013 JOL 
9 Xc-225 IL Keenes, Wayne 2013 JOL 
10 Xc-226 IL Keenes, Wayne 2013 JOL 
11 Xc-228 IL Keenes, Wayne 2013 JOL 
12 Xc-2301 IL Keenes, Wayne 2013 JOL 
13 Xc-231 IL Keenes, Wayne 2013 JOL 
14 Xc-232 IL Keenes, Wayne 2013 JOL 
15 Xc-2341 IL Keenes, Wayne 2013 JOL 
16 Xc-236 IL Keenes, Wayne 2013 JOL 
17 Xc-2381 IL Keenes, Wayne 2013 JOL 
18 Xc-307 IL Pantoon Beach, St. Clair 2013 JOL 
19 Xc-3081 IL Pantoon Beach, St. Clair 2013 JOL 
20 Xc-3101 IL Pantoon Beach, St. Clair 2013 JOL 
21 Xc-318 IL Pantoon Beach, St. Clair 2013 JOL 
22 Xc-3212 IL Pantoon Beach, St. Clair 2013 JOL 
23 Xc-3241 IL Belleville, St. Clair 2013 JOL 
24 Xc-3251 IL Belleville, St. Clair 2013 JOL 
25 Xc-3751 IL Elmwood, Peoria 2013 S 
26 Xc-332 IN Brookston, White 2013 JOL 
27 Xc-333 IN Brookston, White 2013 JOL 
28 Xc-334 IN Brookston, White 2013 JOL 
29 Xc-336 IN Brookston, White 2013 JOL 
30 Xc-337 IN Brookston, White 2013 JOL 
31 Xc-338 IN Brookston, White 2013 JOL 
32 Xc-339 IN Brookston, White 2013 JOL 
33 Xc-340 IN Brookston, White 2013 JOL 
34 Xc-341 IN Brookston, White 2013 JOL 
35 Xc-3441 IN Brookston, White 2013 JOL 





Table 3.3. (cont.) 






37 Xc-346 IN Brookston, White 2013 JOL 
38 Xc-347 IN Brookston, White 2013 JOL 
39 Xc-348 IN Brookston, White 2013 JOL 
40 Xc-349 IN Brookston, White 2013 JOL 
41 Xc-380 IA Wever, Lee 2013 JOL 
42 Xc-382 IA Wever, Lee 2013 JOL 
43 Xc-384 IA Wever, Lee 2013 JOL 
44 Xc-385 IA Wever, Lee 2013 JOL 
45 Xc-386 IA Wever, Lee 2013 JOL 
46 Xc-3881 IA Wever, Lee 2013 JOL 
47 Xc-389 IA Wever, Lee 2013 JOL 
48 Xc-390 IA Wever, Lee 2013 JOL 
49 Xc-430 KS Courtland, Republic 2013 S 
50 Xc-433 KS Courtland, Republic 2013 S 
51 Xc-4551 KS Norway, Republic 2013 JOL 
52 Xc-456 KS Norway, Republic 2013 JOL 
53 Xc-4581 KS Norway, Republic 2013 JOL 
54 Xc-4591 KS Norway, Republic 2013 JOL 
55 Xc-460 KS Norway, Republic 2013 JOL 
56 Xc-461 KS Norway, Republic 2013 JOL 
57 Xc-462 KS Norway, Republic 2013 JOL 
58 Xc-4631 KS Norway, Republic 2013 JOL 
59 Xc-466 KS Norway, Republic 2013 JOL 
60 Xc-467 KS Norway, Republic 2013 JOL 
61 Xc-4681 KS Norway, Republic 2013 JOL 
62 Xc-470 KS Norway, Republic 2013 JOL 
63 Xc-358 MI Benton Marber, Berrien 2013 JOL 
64 Xc-359 MI Benton Marber, Berrien 2013 JOL 
65 Xc-2561 OH Charleston, Clark 2013 JOL 
66 Xc-261 OH Charleston, Clark 2013 JOL 
67 Xc-2831 OH Charleston, Clark 2013 JOL 
68 Xc-2871 OH Charleston, Clark 2013 JOL 
69 Xc-2001 WI Janesville, Rock 2013 JOL 
70 Xc-201 WI Janesville, Rock 2013 JOL 
71 Xc-202 WI Janesville, Rock 2013 JOL 






Table 3.3. (cont.) 






73 Xc-2051 WI Janesville, Rock 2013 JOL 
74 Xc-206 WI Janesville, Rock 2013 JOL 
75 Xc-2071 WI Janesville, Rock 2013 JOL 
76 Xc-2081 WI Janesville, Rock 2013 JOL 
77 Xc-2091 WI Janesville, Rock 2013 JOL 
78 Xc-2101 WI Janesville, Rock 2013 JOL 
79 Xc-2111 WI Janesville, Rock 2013 JOL 
80 Xc-2121 WI Janesville, Rock 2013 JOL 
81 Xc-2131 WI Janesville, Rock 2013 JOL 
82 Xc-2141 WI Janesville, Rock 2013 JOL 
83 Xc-219 WI Janesville, Rock 2013 JOL 
w X. cucurbitae isolates were from pumpkin and squash fruit collected during field surveys in 
2012 and 2013 in the North Central Region.  
x IL = Illinois; IN = Indiana; IA = Iowa; KS = Kansas; MI = Michigan; OH = Ohio;  
    and WI = Wisconsin. 
y PP = processing pumpkin; JOL = jack-o-lantern; and S = squash. 






Table 3.4. List of adaptor 1 and its barcodes. 
Barcode Number  Barcode    Top(t)/Bottom(b) Sequence 
Ad1-1 ctcc 1-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTctccAGCT3’ 
1-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAgagg5’ 
    Ad1-2 tgcc 2-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtgccAGCT3’ 
2-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAacgg5’ 
    Ad1-3 agta 3-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTagtaAGCT3’ 
3-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAtcat5’ 
    Ad1-4 caga 4-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcagaAGCT3’ 
4-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAgtct5’ 
    Ad1-5 aact 5-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTaactAGCT3’ 
5-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAttga5’ 
    Ad1-6 gcgt 6-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTgcgtAGCT3’ 
6-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAcgca5’ 
    Ad1-7 tgcga 7-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtgcgaAGCT3’ 
7-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAacgct5’ 
    Ad1-8 cgat 8-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcgatAGCT3’ 
8-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAgcta5’ 
    Ad1-9 cgctt 9-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcgcttAGCT3’ 
9-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAgcgaa5’ 
    Ad1-10 tcacc 10-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtcaccAGCT3’ 
10-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAagtgg5’ 
    Ad1-11 ctagc 11-t 5’GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTctagcAGCT3’ 
11-b 3’CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGAgatcg5’ 




Table 3.5. List of adaptor 2 and its barcodes. 
Barcode number Barcode Top(t)/Bottom(b) Sequence 
Ad2-1 atcacg 1-t 5’CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACatcacgATCAGAACAA3’ 
  1-b 3’CTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGtagtgcTAGAGCATACGGCA 
GAAGAAGACGAAC5’ 
    
Ad2-2 cgatgt 2-t 5’CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACcgatgtATCAGAACAA3’ 
  2-b 3’CTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGgctacaTAGAGCATACGGCA 
GAAGAAGACGAAC5’ 
    
Ad2-3 ttaggc 3-t 5’CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACttaggcATCAGAACAA3’ 
  3-b 3’CTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGaatccgTAGAGCATACGGCA 
GAAGAAGACGAAC5’ 
    
Ad2-4 tgacca 4-t 5’CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACtgaccaATCAGAACAA3’ 
  4-b 3’CTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGactggtTAGAGCATACGGCA 
GAAGAAGACGAAC5’ 
    
Ad2-6 gccaat 6-t 5’CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACgccaatATCAGAACAA3’ 
  6-b 3’CTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGcggttaTAGAGCATACGGCA 
GAAGAAGACGAAC5’ 
    
Ad2-7 cagatc 7-t 5’CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACcagatcATCAGAACAA3’ 
  7-b 3’CTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTGgtctagTAGAGCATACGGCA 
GAAGAAGACGAAC5’ 
    
Ad2-8 acttga 8-t 5’CGGATCGGAAGAGCACACGTCTGAACTCCAGTCACacttgaATCAGAACAA3’ 












Figure 3.2. Whole genome of Xanthomonas cucurbitae (Xc) 
isolates was digested by two restriction enzymes, MspI and SacI. 
Digested DNA fragments were below 1,000 bp. IL = Illinois.  
 
 
Figure 3.3. Selection of DNA fragment of Xanthomonas cucurbitae (Xc) isolates 
between 200 and 500 bp after PCR amplification. Selected DNA fragments were 
purified and normalized to 10 nM, subsequently. IL = Illinois; IN = Indiana; IA = 
Iowa; KS = Kansas; and OH = Ohio.
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Figure 3.4. Cluster analysis showing genetic variation of 81 Xanthomonas cucurbitae isolates from the North Central 
Region, a X. cucurbitae strain from American Type Culture Collection, and an Escherichia coli strain, which was 




Figure 3.5. Multidimensional scaling plots generated from genetic distance matrix of 81 Xanthomonas cucurbitae 
isolates from North Central Region, a X. cucurbitae strain from American Type Culture Collection, and an 
Escherichia coli strain using R x64.3.0 program. 
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NON-XANTHOMONAS CUCURBITAE BACTERIA ASSOCIATED WITH BACTERIAL 
SPOTS IN PUMPKIN AND SQUASH FRUIT 
ABSTRACT 
During 2012-2013, 925 and 425 non-Xanthomonas cucurbitae isolates were collected from 
pumpkin and squash fruit with bacterial spot, respectively, from the North Central Region.  To 
identify non-X. cucurbitae bacteria at the genus level, 208 isolates from 2012 and 104 isolates 
from 2013 were randomly selected from different areas. The bacterial isolates were identified 
using the molecular method of restriction fragment length polymorphism (RFLP) analysis. 
Restriction enzyme Hae III were used to digest 16S rRNA genes for each isolate. Based on the 
RFLP results, 10 genera were identified, which included Arthrobacter, Enterobacter, 
Enterococcus, Erwinia, Exiguobacterium, Microbacterium, Pantoea, Peanibacillus, 
Pectobacterium, and Pseudomonas. In-vitro studies of interactions between non-X. cucurbitae and 
X. cucurbitae isolates showed that only Pantoea isolates had antibacterial activity against X. 
cucurbitae. Identified P. agglomerans showed the highest antagonistic activity towards X. 
cucurbitae. None of the tested non-X. cucurbitae isolates was pathogenic in pumpkin ‘Howden’ 
plants in the greenhouse tests.  
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MATERIALS AND METHODS 
Isolation, purification, and maintenance of bacteria from infected fruit  
Fruit with bacterial spots were collected from pumpkin and winter squash commercial fields within 
3 weeks of harvest. The samples were processed for isolation of bacteria within 3 days from sample 
collection. For isolating bacteria, soil adhered fruit was removed by washing under tap water. The 
infected area of fruit was disinfested by rubbing with paper towel soaked in 75% ethanol. Fruit 
tissue (5 × 5 mm in diameter) with three or four suspected bacterial lesion on each fruit was cut 
with a sterilized blade and the tissue was inserted into a 1.5 ml microcentrifuge tube containing 
1ml sterilized-distilled water (SDW). The tube was then vortexed for 30 s to release bacterial cells 
from fruit tissue into water. For each sample, a loop full of bacterial suspension was streaked onto 
each of three different culture media, including Luria Bertani agar medium (LB), yeast extract-
dextrose-CaCO3 agar medium (YDC), and King et al. B agar medium (KB) in 100 mm Petri plate 
(Shaad et al., 2001). Streaking was performed in a biological safety cabinet. The plates were 
incubated in dark at 24 ± 1°C for 48 to 72 h.  
Yellow mucoid colonies as Xanthomonas species were subcultured on LB (Fisher Scientific Inc., 
Fair Lawn, NJ) and all of them were identified as X. cucurbitae, based on their colony morphology, 
producing 1,400 bp amplicon with RST2/RST3 primers, and causing typical bacterial spots on 
pumpkin ‘Howden’ plants, as described in chapter 2. Non-X. cucurbitae isolates were subcultured 
on LB to produce single-celled colonies. Colonies were then transferred into 1.5 ml 
microcentrofuge tube containing 15 and 30% glycerol in SDW and the tubes were maintained at -
20 and -80°C, respectively, for future studies (Ravanlou , 2013). 
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Identification of non-X. cucurbitae bacteria  
Identification of non-X. cucurbitae isolates at genus level was achieved by using the restriction 
fragment length polymorphism (RFLP) analysis. A total of 312 isolates, including 208 and 104 
isolates from 2012 and 2013, respectively, were randomly selected and used in this study. The 
isolates were cultured on LB and incubated at 24 ± 1°C for 48 to 72 h. A loop full of bacterial cells 
were transferred into a 1.5 ml microcentrifuge tube containing 1 ml SDW. Bacterial cells were 
suspended and adjusted to 1.0 × 109 colony-forming units (CFU)/ml. Polymerase chain reaction 
(PCR) test was performed to amplify the 16S rRNA genes of selected bacterial isolates using the 
primer set 27f (5’-AGA GTT TGA TCM GGC TCA G-3’) and 1492r (5’-GGT TAC CTT GTT 
ACG ACT T-3’) (Lane, 1991). A 50-μl reaction volume was prepared that contained 25 μl 2x 
Gotaq Green Master Mix (Promega Corporation, Madison, WI), 2 μl of each primer, 20 μl of 
nuclease-free water, and 1 μl of bacterial suspension (109 CFU/ml) (Meng et al., 2004; Zhao et al., 
2002). Cycling condition for PCR (Model PCT-200; MJ Research Inc., Waltham, MA) included 
initial incubation at 95°C for 2 min; 35 cycles of DNA denaturation at 94°C for 45 s, primer 
annealing at 55°C for 30 s, and DNA elongation at 72°C for 1.5 min; followed by final extension 
at 72°C for 5 min. Six μl of the PCR  product was run in 1% agarose gel containing SYBR® Safe 
DNA Gel Stain (Thermo Scientific Inc., Carlsbad, CA) at 100 volts for 30 min and visualized 
under Blue-light Transilluminator (Clare Chemical Research, Inc., Dolores, CO). The rest of the 
PCR products (44 ul) were then purified with the Wizard SV gel and PCR Clean-Up kit (Promega 
Corporation, Madison, WI) according to manufacturer’s instruction. 
Restriction enzyme Hae III was used to digest purified PCR product at 37°C for 1 h (Life 
Technologies, Carlsbad, CA). Digestion was terminated by incubating at 80°C for 20 min. Purified 
PCR products were digested according to the manufacturer’s instruction. The digested DNA was 
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loaded in 4% agarose gel stained with SYBR® Safe DNA Gel Stain (Thermo Scientific Inc., 
Carlsbad, CA) at 100 V for 2 h with 1 kb DNA ladder as a marker, and visualized under Blue-light 
Transilluminator (Clare Chemical Research, Inc., Dolores, CO). RFLP analysis was performed at 
least twice for each isolate. The non-X. cucurbitae isolates were grouped based on their RFLP 
patterns, and the 16S rRNA genes of the representative isolates were sequenced (Yu, 2010). 
Obtained 16S rRNA sequences were subjected to nucleotide blast in National Center for 
Biotechnology information (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and identified to 
genus level. 
Interactions between X. cucurbitae and non-X. cucurbitae bacteria  
To determine antagonistic interactions between non-X. cucurbitae isolates and X. cucurbitae, a 
modified method described by Long (2005) was used. The X. cucurbitae strain 23378 from 
American Type Culture Collection (ATCC), and one representative non-X. cucurbitae isolate from 
each of 10 identified genera were cultured on LB and incubated at 24 ± 1°C in the dark for 48 to 
72 h.  After observing antagonistic effect of the Pantoea isolate toward X. cucurbitae, five more 
isolates of this genus were tested for their interactions with X. cucurbitae. Bacterial cells were 
washed from LB into a 15 ml conical tube (Thermo Scientific Inc., Carlsbad, CA) containing 10 
ml SDW. Conical tube was then vortexed for 30 sec to make homogenous bacterial suspension. 
Cell density in each suspension was measured by spectrophotometer (Smart Spec 3000; Bio-Rad, 
Philadelphia, PA) at OD600 nm (OD = 0.5 at 600 nm). Cell concentration was then adjusted to 8 × 
108 CFU/ml.  
Fifty microliter of suspension of X. cucurbitae ATCC strain 23378 or X. cucurbitae isolate from 
the NCR was added onto LB and evenly spread using a flame-sterilized glass rod. Four circular 
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filter paper (10 mm in diameter) (GE Healthcare Life Sciences, Pittsburgh, PA) soaked in non-X. 
cucurbitae suspension were placed on the top of LB medium with X. cucurbitae. Filter paper 
soaked in SDW was used as negative control. Each interaction treatment had three replications. 
The plates were then incubated at 24 ± 1°C for 72 h. Antagonistic interaction was assessed by the 
width of inhibition zone developed on LB medium around filter papers. 
Pathogenicity test of non-X. cucurbitae isolates 
Pumpkin cultivar ‘Howden’, a susceptible pumpkin to X. cucurbitae, was used for the 
pathogenicity test. Each isolate was cultured on LB at 24 ± 1°C for 72 h. The inoculum was 
prepared by washing bacterial colonies with SDW from the culture medium into a 15 ml conical 
tube (Thermo Scientific Inc., Carlsbad, CA). Conical tube was then vortexed for 30 sec. The cell 
density in each inoculum suspension was measured by a spectrophotometer (Smart Spec 3000; 
Bio-Rad, Philadelphia, PA) at OD600 nm (OD = 0.5 at 600 nm) and adjusted to 1.0 × 10
8 CFU/ml 
in SDW. Representative non-X. cucurbitae isolates, X. cucurbitae ATCC strain 23378, and SDW 
were included in this study. The ATCC strain 23378 and SDW were used as positive and negative 
controls, respectively. In addition, mixed bacterial inocula of each non-X. cucurbitae isolate and 
the ATCC strain 23378 were prepared (1:1, v:v) and inoculated into leaves. The inoculation was 
carried out using a revised syringe pressure infiltration methods described by Barak et al. (2001) 
and Katagiri et al. (2002). For each isolate, three plants and two leaves from each plant were 
inoculated by three infiltrations per leaf. Twenty-day-old healthy pumpkin plants were inoculated 
with bacterial suspension of either non-X. cucurbitae isolate alone or mixed inocula on the abaxial 
side of leaves using a 10-ml syringe. In each infiltration, approximately 10 µl inoculum was 
deposited onto tissues. Inoculated plants were maintained in a greenhouse at 26 ± 2°C. 
Development of symptoms on leaves was monitored and recorded after 1, 3, 5, 7, and 10 days. 
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Symptomatic leaves were then collected from plants in the greenhouse and processed for bacterial 
isolation (Schaad et al., 2001). 
Pathogenicity test of Pseudomonas isolates 
In addition to 10 representative isolates from 10 identified genera, 18 more Pseudomonas isolates 
from 9 states were randomly selected for the pathogenicity test on pumpkin ‘Howden’ in the 
greenhouse. Inoculum for each isolate was prepared as previously described. Both X. cucurbitae 
ATCC strain 23378 and P. syringae pv. lachrymans ATCC strain were served as positive control, 
and SDW was used as a negative control. Twenty-day-old healthy pumpkin plants were inoculated 
with bacterial suspension on abaxial side of leaves using a 10 ml syringe. Inoculated plants were 
maintained in the greenhouse at 26 ± 2°C. Development of symptoms on leaves was recorded after 
1, 3, 5, 7, and 10 days. 
RESULTS 
Collected non-X. cucurbitae isolates 
In 2012, a total of 925 non-X. cucurbitae bacterial isolates were collected, which included 649 and 
276 isolates from pumpkin and squash fruit, respectively. In 2013, a total of 456 non-X. cucurbitae 
isolates were collected, including 293 and 163 isolates from pumpkin and squash fruit, respectively.  
Identification of non-X. cucurbitae bacteria  
In RFLP analysis, 17 patterns were observed from digested 16S rRNA fragments. Fifty one 
representative non-X. cucurbitae isolates were subjected to 16S rRNA gene sequencing and the 
sequences were then subjected to nucleotide blast in NCBI and grouped into 10 genera. Identified 
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genera were Arthrobacter, Enterobacter, Enterococcus, Erwinia, Exiguobacterium, 
Microbacterium, Pantoea, Peanibacillus, Pectobacterium, and Pseudomonas (Table 4.1).  The 
majority of the isolates were identified as Erwinia, Pantoea, Peanibacillus, and Pseudomonas 
species.  
Interaction between X. cucurbitae and non-X. cucurbitae isolates 
Inhibition zones were observed in the plates with X. cucurbitae and Pantoea isolates (Figure 4.1). 
Antagonistic effect was observed between three of six Pantoea isolates tested with X. cucurbitae. 
The inhibition zone developed by Pantoea isolates ranged from 13 to 31 mm (ave 18.8 mm) in 
width after 72 h incubation (Figure 4.2). Within three Pantoea isolates with antagonistic activity, 
two were identified as P. ananatis and one was identified as P. agglomerans, based on the result 
of nucleotide blast of their 16S rRNA genes in NCBI with ≥ 98% identity score. P. agglomerans 
isolate (MO 13-4002) had the highest antagonistic effect against X. cucurbitae compared with the 
other Pantoea isolates. The inhibition zone developed by P. agglomerans isolate ranged from 28.5 
to 31 mm (ave 30 mm) in width after 72 h incubation. P. ananatis isolate (MO 134061 and IL-
13240) developed inhibition zone ranging from 13 to 16 mm (ave 14.1 mm) in width after 72 h 
incubation (Figure 4.2).  
Pathogenicity test of non-X. cucurbitae isolates 
None of the plants inoculated with the non-X. cucurbitae isolates developed bacterial lesions.  A 
hypersensitive response (HR) was observed in the plants inoculated with isolates from 
Enterobacter, Pseudomonas, and Pectobacterium genera (Table 4.2).  
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Characteristic bacterial lesions developed in the plants inoculated with all mixed inocula of X. 
cucurbitae and non-X. cucurbitae isolates from eight genera, 5 days after inoculation (Table 4.2; 
Figures 4.3 and 4.4). The lesions developed on pumpkin leaves inoculated with mixed inocula of 
X. cucurbitae plus Pantoea isolates were smaller than and with narrow yellow halo than those 
caused by X. cucurbitae alone (Figure 4.4). HR was observed in the pumpkin plants inoculated 
with mixed inocula of X. cucurbitae plus Pseudomonas isolate and inocula of X. cucurbitae plus 
Pectobacterium isolate (Figure 4.4). Five days after inoculation, X. cucurbitae was isolated from 
all inoculated pumpkin leaves with X. cucurbitae alone or mixed with non-X. cucurbitae. X. 
cucurbitae identification was conducted by PCR test with primers RST2/RST3 (Mohammadi et 
al., 2001; Leite, 1994).  
Pathogenicity of Pseudomonas isolates 
Nine of eighteen isolates of Pseudomonas isolates developed HR on inoculated pumpkin ‘Howden’ 
leaves. None of the tested Pseudomonas isolates developed lesions in pumpkin leaves.  
DISCUSSION 
Since none of the non-X. cucurbitae isolates produced lesions on inoculated plants, it was 
concluded that X. cucurbitae is the sole causal agent of the bacterial spot in pumpkin and squash 
fruit.  
In the in-vitro tests inhibition zones were observed in the plates with P. ananatis and P. 
agglomerans and X. cucurbitae on LB. The result of pathogenicity tests in the greenhouse also 
supported the in-vitro result, as the inoculation of plants with X. cucurbitae plus P. ananatis or P. 
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agglomerans produced smaller lesions than X. cucurbitae alone. Several Pantoea species have 
been identified as antagonistic to fungal and bacteria pathogens (Gent and Schwartz, 2005; Vasebi 
et al., 2015; Zhang and Birch, 1997). One of the best known Pantoea species as biocontrol agent 
for control of plant disease is P. agglomerans, which has antibacterial activity against Erwinia 
amylovora (Kim et al., 2012; Pusey et al., 2011). Currently, no report is available on the 
antibacterial activity of any organism against X. cucurbitae. Further studies on the antagonistic 
activity of P. agglomerans towards X. cucurbitae may provide a reliable biocontrol agent for 




TABLES AND FIGURES 
Table 4.1. Non-Xanthomonas cucurbitae bacteria isolated from pumpkin and 
squash fruit with bacterial spot lesions in 2012 and 2013. 
 Number of isolate 
Bacterial genus 2012 2013 
Arthrobacter spp. 1 3 
Enterobacter spp. 7 1 
Enterococcus spp. 9 6 
Erwinia spp. 30 11 
Exiguobacterium spp. 8 -z 
Microbacterium spp. 7 3 
Pantoea spp. 34 27 
Peanibacillus  spp. 65 25 
Pectobacterium spp. 2 2 
Pseudomonas spp. 45 26 
Total 208 104 
   






Table 4.2. Interactions between non-Xanthomonas cucurbitae isolatest and X. cucurbitaeu in-vitro, and pathogenicity 




against X. cucurbitae 
 (in-vitro) 
Pathogenicity in greenhousev 
Non-X. cucurbitae 
Non-X. cucurbitae + 
X. cucurbitae 
Arthrobacter  _
 w _ w +x 
Enterobacter  _ HRy  + 
Enterococcus  _ _ + 
Erwinia  _ _ + 
Exiguobacterium  _ _ + 
Microbacterium  _ _ + 
Pantoea  +z _ + 
Peanibacillus   _ _ + 
Pectobacterium  _ HR HR 
Pseudomonas  _ HR HR 
t Non-X. cucurbitae isolates were from pumpkin and squash fruit with bacterial spot. 
u American Type Culture Collection (ATCC) strain 23378. 
v Pumpkin ‘Howden’ plants were inoculated either with non-X. cucurbitae isolate alone or with mixed inocula of  
   non-X. cucurbitae isolate and the ATCC X. cucurbitae strain 23378. 
w No interaction was observed.  
x Inoculated pumpkin ‘Howden’ plants developed typical lesions of bacterial spot. 
y HR = hypersensitive response.   

























Figure 4.1. Interactions between non-Xanthomonas cucurbitae isolates (on filter papers) and X. 
cucurbitae (Xc) on Luria Bertani agar medium after 72 h at 24 ± 1°C. A, sterile-distilled water 
+ Xc; B, Arthrobacter sp. + Xc; C, Enterobacter sp. + Xc; D, Enterococcus sp. + Xc; E, Erwinia 
sp. + Xc; F, Exiguobacterium sp. + Xc; G, Microbacterium sp. + Xc; H, Paenibacillus sp. + 
Xc; I, Pantoea sp. + Xc; J, Pectobacterium sp. + Xc; and K, Pseudomonas sp. + Xc. Inhibition 




Figure 4.2. Interactions between Pantoea isolates (on filter papers) and X. cucurbitae (Xc) on Luria Bertani agar 
medium after 24 (A1-D1), 48 (A2-D2), and 72 (A3-D3) h at 24 ± 1°C. A1-3, sterilized distilled water + Xc; B1-
3, Pantoea isolate MO 13-4002 + Xc; C1-3, Pantoea isolate IL 13-240 + Xc; D1-3, Pantoea isolate MO 13-4061 
+ Xc. Inhibition zone was not observed until 48 h of incubation at 24 ± 1°C. 
A3 B3 C3 D3 
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Figure 4.3. Development of bacterial lesions in leaves of pumpkin 
‘Howden’ 5 days after inoculation with non-Xanthomonas cucurbitae 
isolates plus Xanthomonas cucurbitae (American Type Culture 
Collection strain 23378).  A, sterilized distilled water (control); B, X. 
cucurbitae (Xc) alone; C, Arthrobacter sp. + Xc; D, Enterobacter sp. + 
Xc; E, Enterococcus sp. + Xc; F, Erwinia sp. + Xc. 






























Figure 4.4. Development of bacterial lesions in leaves of pumpkin ‘Howden’ 5 days after 
inoculation with non-Xanthomonas cucurbitae isolates plus Xanthomonas cucurbitae (American 
type culture collection strain 23378).  A, sterilized distilled water (control); B, X. cucurbitae (Xc) 
alone; C, Exiguobacterium sp. + Xc; D, Microbacterium sp. + Xc; E, Pantoea sp. + Xc; F, 
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